The cyclic AMP (cAMP) pathway represents a central signaling cascade with crucial functions in all organisms. Previous studies of Trichoderma reesei (anamorph of Hypocrea jecorina) suggested a function of cAMP signaling in regulation of cellulase gene expression. We were therefore interested in how the crucial components of this pathway, adenylate cyclase (ACY1) and cAMPdependent protein kinase A (PKA), would affect cellulase gene expression. We found that both ACY1 and PKA catalytic subunit 1 (PKAC1) are involved in regulation of vegetative growth but are not essential for sexual development. Interestingly, our results showed considerably increased transcript abundance of cellulase genes in darkness compared to light (light responsiveness) upon growth on lactose. This effect is strongly enhanced in mutant strains lacking PKAC1 or ACY1. Comparison to the wild type showed that ACY1 has a consistently positive effect on cellulase gene expression in light and darkness, while PKAC1 influences transcript levels of cellulase genes positively in light but negatively in darkness. A function of PKAC1 in light-modulated cellulase gene regulation is also reflected by altered complex formation within the cel6a/cbh2 promoter in light and darkness and in the absence of pkac1. Analysis of transcript levels of cellulase regulator genes indicates that the regulatory output of the cAMP pathway may be established via adjustment of XYR1 abundance. Consequently, both adenylate cyclase and protein kinase A are involved in light-modulated cellulase gene expression in T. reesei and have a dampening effect on the light responsiveness of this process.
T
he habitat of fungi is a diversified environment, and successful competition requires adaptation to changing conditions in an appropriate way. After sensing of the extracellular signal through a receptor, the signaling cascade starts and the signal is transduced by, for example, secondary messengers such as cyclic AMP (cAMP). As a secondary messenger, cAMP is involved in stress response, carbon and lipid metabolism, sporulation, development, virulence, mating, mycoparasitism, and other responses to extracellular signals (1, 9, 14, 28, 39, 45, 68) .
The main target of cAMP in this signaling cascade is cAMPdependent protein kinase A (PKA). After binding of cAMP to a regulatory subunit, one of the catalytic kinase subunits dissociates and in turn phosphorylates other target proteins (12, 17, 41, 67) . The cAMP signaling pathway is highly conserved in fungi. The pathway of heterotrimeric G-protein signaling, and especially that of subgroup I and III G-protein alpha subunits, is linked to the cAMP pathway, predominantly via its effect on adenylate cyclase, which generates cAMP (7, 73) .
The potential to efficiently degrade lignocellulose caused Trichoderma reesei (anamorph of Hypocrea jecorina) to become one of the most important industrial producers of cellulases. These important hydrolytic enzymes are produced on various carbon sources. Not only cellulose but also the soluble carbon sources cellobiose (33) , lactose (34) , and L-sorbose and several more (36) can cause induction of cellulase gene expression. Lactose, a byproduct of the cheese manufacture and whey processing industries (46) , does not occur in the natural habitat of T. reesei. However, the fact that this carbon source efficiently induces cellulase gene expression makes it an important renewable raw material in biotechnology. If cultivation in a medium without solids is preferred, lactose represents a valuable alternative to cellulose (59) . In recent years, considerable progress has been made in understanding the mechanism of cellulase gene regulation on lactose (24) .
Regulation of the major cellulolytic genes of T. reesei is governed by numerous extracellular signals and intracellular regulatory factors (24, 52) , including transcription factors such as ACE1, ACE2, and XYR1 (2, 3, 44, 47) . ACE1 is a repressor of cellulase gene expression (2) , but ACE2 and XYR1 act positively on cellulase gene transcript abundance (3, 62) . Transcription of ace1, ace2, and xyr1 is induced upon growth on lactose. While ace1 is carbon catabolite repressed, the carbon catabolite repressor CRE1 is necessary for full induction of ace2 and xyr1 (43) . Analysis of the genome of T. reesei revealed, surprisingly, that this industrial workhorse has an unexpectedly small number of genes for cellulases, hemicellulases, and pectinases (37) . Consequently, this small inventory of hydrolytic enzymes must be efficiently and specifically adjusted to environmental conditions in order to enable successful competition in the natural habitat. One possible way to accomplish this aim is to precisely adapt enzyme biosynthesis to environmental signals by means of a tightly regulated signal transduction cascade. The regulatory mechanisms underlying this adaptation can be exploited for biotechnological applications.
It has been known for quite some time that the formation of endoglucanases can be altered by addition of cAMP in Trichoderma (61) . A relatively small amount of cAMP (up to 10 M dibutyryl cAMP [dbcAMP]) stimulates endoglucanase activity, whereas 1,000-fold-higher concentrations of cAMP inhibit the formation of endoglucanases. Nevertheless, neither the mechanisms nor the roles of intracellular regulation and its central components were characterized with respect to their impact on cellulase gene expression.
Besides the response to a given substrate composition, cellulase gene transcript levels are modulated by environmental factors such as light and by ENV1, BLR1, and BLR2, the central components of the light signaling machinery in T. reesei (50, 51) . The pathway of heterotrimeric G-protein signaling and especially two G-protein alpha subunits, GNA1 and GNA3 (belonging to subgroups I and III), which are likely to transmit nutrient signals are also involved in this mechanism (53, 58) . Interestingly, in Neurospora crassa, PKAC-1, the major catalytic subunit of this fungus (6) , is a crucial element of the circadian clock and stabilizes both the white collar complex WCC and FREQUENCY (encoded by frq1) (20, 38) . In Trichoderma atroviride, a connection between the two blue light receptors BLR-1 and BLR-2 and the cAMP signaling pathway also has been observed (9) . Recently, we showed a clear effect of ENV1 on intracellular cAMP levels, which is likely mediated via regulation of a phosphodiesterase (69) . These data suggest a close connection between the cAMP signaling pathway, light response, and cellulase gene expression.
Consequently, we sought to gain insight into the mechanisms of the two major components in cAMP-mediated signal transduction, adenylate cyclase and cAMP-dependent protein kinase A. We investigated both the light responsiveness of cellulase gene expression (difference between light and darkness in one strain) and the effect of lack of functional adenylate cyclase or protein kinase A (by comparison of the wild type and a deletion mutant in light or darkness) in order to evaluate the contributions of these two components to cross talk between light response and nutrient signaling.
MATERIALS AND METHODS
Strains, plasmids, and culture conditions. T. reesei wild-type strain QM9414 (ATCC 26921) and Hypocrea jecorina CBS999.97 MAT1-1 (60) were used in the present study. For quantitative reverse transcription-PCR (qRT-PCR) analysis and biomass determination, T. reesei was grown in liquid culture in 200 ml Mandels-Andreotti minimal medium (32) supplemented with 0.1% (wt/vol) peptone to induce germination and with 1% (wt/vol) lactose (Merck, Darmstadt, Germany) as a carbon source. For evaluation of the effect of cAMP supplementation, T. reesei QM9414 along with recombinant strains was grown on 3% (wt/vol) malt extract agar plates for 10 days at 28°C. Exogenous dbcAMP (Sigma-Aldrich, St. Louis, MO) was added to the medium to a final concentration of 5 mM. Mating experiments were performed on 3% (wt/vol) malt extract medium with 2% (wt/vol) agar. Plates were incubated at 20 to 25°C in daylight for 10 to 14 days. Escherichia coli JM109 was used for the propagation of vector molecules and DNA manipulations (74) .
Construction of T. reesei ⌬pkac1 and ⌬acy1 strains and copy number determination. To construct a mutant strain in which PKAC1 is nonfunctional, the protein kinase A catalytic domain was disrupted. A 4,276-bp fragment which contained the entire gene, including flanking sequences, was PCR amplified using primers pkac1F and pkac1R (the sequences of all oligonucleotides used in this study are listed in Table 1 ). The 3= sequence to be used for construction of a deletion vector was excised from the 4,276-bp fragment by digestion with PstI and NruI (resulting in a 1,424-bp fragment) and cloned into a PstI/SmaI-digested pBluescript SK(ϩ) (Stratagene, La Jolla, CA) to obtain pBpkac3. For the 5= sequence, the 4,276-bp fragment was digested with SalI and EcoRV (resulting in a 1,004-bp fragment) and cloned into the corresponding sites in pBpkac3 to obtain pBpkac35. The hph (pki P :hph:cbh2 T ) marker cassette (30) was digested with XhoI and HindIII. Blunt ends were created by Klenow fill-in, and then the fragment was inserted into the EcoRV site of pBpkac35 to obtain pDELpkac1. The deletion cassette was excised from pDELpkac1 by restriction digestion with NotI, and this linear fragment was used for the transformation of protoplasts of the wild-type strain QM9414 (18) . Transformants were selected on plates containing 50 g/ml hygromycin B (Carl Roth, Karlsruhe, Germany). Fungal DNAs were isolated from transformants and subjected to PCR using primers pkac1MF and pkac1MR to verify the replacement of the pkac1 gene with the hph gene. These primers bind within the 3= and 5= regions of pkac1. Successful deletion of pkac1 results in an amplification of the whole deletion construct (3,097 bp) and lack of the original open reading frame, which would be represented by a smaller fragment (1,974 bp) (data not shown).
For acy1 gene deletion, the 3= flanking sequence was PCR amplified using primers acy1D3F and acy1D3R to obtain a 1,672-bp fragment. This product was digested with XhoI and Acc65I and cloned into the XhoIAcc65I site of pBSXH (51) to obtain pDelacy3h. The 5= flanking sequence was PCR amplified using primers acy1D5R and acy1D5F to obtain a 1,575-bp PCR product. This fragment was digested with NotI and BamHI and cloned into the NotI-BamHI site of pDelacy3h to obtain pDELacy1. For transformation, pDelacy1 was linearized with NotI and purified using the QIAquick PCR purification kit (Qiagen, Hilden, Germany).
The linear plasmid was used for electroporation of spores of T. reesei QM9414 (see below for details). Fungal DNAs were isolated from transformants and used for diagnostic PCR. Deletion of acy1 was verified by 
a Underlining indicates restriction sites introduced to facilitate cloning.
PCR using primers acy1MF and acy1MR. Both primers bind within the 3= and 5= flanking regions of the open reading frame of acy1. Successful integration of the deletion vector in the genome resulted in amplification of a 3,154-bp fragment. Since in this case the wild-type fragment amplified with this primer combination is considerably larger (7,019 bp) and thus unlikely to be detected even in case of ectopic integration of the cassette, we confirmed deletion of acy1 using qRT-acy1R1 and qRT-acy1F1 as primers. The deletion mutant showed no amplification product, while when wild-type acy1 was present, a 170-bp fragment was amplified (data not shown).
The number of copies of the cassette integrated in the genome was analyzed by quantitative PCR on genomic DNA of wild-type and mutant strains as described previously (70) . This method is preferable to Southern blotting because of the linearity of qPCR over several orders of magnitude and elimination of problems with limited resolution in the case of larger fragments to be evaluated in Southern blots. Briefly, we used primers which bind within the hph gene (HPH_F1 and HPH_R1 [ Table 1 ]) to check for presence of the deletion cassette. Additionally we used primers binding to the cbh2 terminator (cbh2T_F1 and cbh2T_F2 [ Table 1 ]), which is comprised within the hph cassette that we used (30) . A strain for which single integration had been proven by Southern blotting (69) was used as a control. For both the ⌬pkac1 and ⌬acy1 strains, only single integration at the locus was detected. The parental strain QM9414 was used as a control. This analysis confirmed that in both strains only one copy of the deletion cassette was present and no ectopic integration had occurred (see Fig. S1 in the supplemental material).
Transformation of T. reesei by electroporation. Electroporation was performed as described elsewhere (54) . Briefly, spores of T. reesei QM9414 were harvested from a freshly sporulated 90-mm malt extract agar plate and suspended in 1.2 M sorbitol. Spores were washed twice, resuspended in 100 l 1.2 M sorbitol, and cooled on ice. A 75-l portion of cold spore suspension was mixed with 20 g of vector of interest and electroporated with a Micro Pulser electroporator (Bio-Rad Laboratories, Hercules, CA) at 1.8 kV with preset values of 10 F for capacitance and 600 ⍀ for parallel resistance. A Gene Pulser cuvette (Bio-Rad) with a 0.2-cm gap was used. Thereafter, 1 volume of the reaction mixture (consisting of spore suspension plus vector DNA solution) of YEPD (1% [wt/vol] yeast extract, 2% [wt/vol] peptone, 1% [wt/vol] glucose) and 4 reaction volumes 1.2 M sorbitol were added and mixed. For regeneration, the whole mixture was incubated overnight at room temperature. Thereafter, spores were streaked out on plates containing selection medium.
Phylogenetic analysis. Clustal X 2.0.7 (25) was used for alignment of amino acid sequences. MEGA 4.0.2 (66) was used for phylogenetic analysis, using the minimum-evolution method. Amino acid sequences were obtained from the T. reesei, Trichoderma viride, or T atroviride genome database (JGI webpage: http://genome.jgi-psf.org/). For N. crassa, Aspergillus spp., Fusarium spp., and Magnaporthe grisea, amino acid sequences were retrieved from the BROAD genome database (http://www.broadinstitute.org/science/data).
DNA isolation. A 0.3-g portion of glass beads (no. A554.1; Carl Roth, Karlsruhe, Germany) was placed in a 2-ml reaction tube, and 600 l of puffer PB (QIAquick PCR purification kit; Qiagen, Hilden, Germany) was added. T. reesei strains were grown for 3 to 4 days on plates containing 3% (wt/vol) malt extract medium covered with cellophane, and then a small amount of mycelia was harvested, added to the 2-ml tube, and mixed thoroughly. The mixture was centrifuged briefly, and purification was performed using the QIAquick PCR purification kit (Qiagen).
RNA isolation and cDNA synthesis. Fungal mycelia were harvested by filtration, briefly washed with tap water, and frozen in liquid nitrogen. Total RNA was isolated with the RNeasy plant minikit (Qiagen). RNA was treated with DNase I (Fermentas, Vilnius, Lithuania) and purified with the RNeasy MinElute Cleanup kit (Qiagen). A 5-g portion of each sample was then reverse transcribed using the RevertAID H minus first-strand cDNA synthesis kit (Fermentas).
qRT-PCR. Quantitative RT-PCR was performed as described previously (69) . All PCRs were performed in an iCycler iQ5 Bio-Rad system (Bio-Rad Laboratories). The Bio-Rad iQ5 software was used to compile PCR protocols and to define the plate setups. All reactions were performed in triplicates. The final mixture for each sample contained 12.5 l iQ SYBR green mix (Bio-Rad Laboratories), 9.5 l sterile water, 6.25 M forward and reverse primers, and 1 l cDNA (diluted 1:20) . Each run included a nontemplate control. Primer and probe sequences are given in Table 1 . The following PCR program was used: 3 min of initial denaturation at 95°C and 40 cycles of 15 s at 95°C, 20 s at the gene-specific temperature, and 20 s at 72°C. PCR efficiencies were calculated by linearregression-of-efficiency analysis using a dilution series and the Bio-Rad iQ5 software (69) . All qPCR efficiencies were above 90%. As a reference gene we used the gene encoding ribosomal protein L6e of T. reesei (69) . A homologue of this gene has been shown to be suitable for qRT-PCR in N. crassa (16, 26, 40) .
Biomass determination. T. reesei QM9414 and the ⌬acy1 and ⌬pkac1 mutants were grown in 200 ml Mandels-Andreotti minimal medium liquid culture supplemented with 0.1% (wt/vol) peptone to induce germination and with 1% (wt/vol) lactose as a carbon source in constant light or constant darkness. Fungal mycelia were harvested after 20, 30, and 40 h to increase statistical significance. Mycelia were collected on a Whatman glass fiber filter (Whatman, Maidstone, England) by filtration. After drying overnight at 80°C, the mycelium was weighed. The biomass formation was calculated from two independent experiments with two biological replicates each.
EMSA and preparation of cell extracts. T. reesei wild-type strain QM9414 and the ⌬pkac1 mutant were grown in Mandels-Andreotti minimal medium with 1% (wt/vol) lactose as a carbon source. After 30 h, mycelia were harvested and frozen in liquid nitrogen. Cell extracts were prepared as described previously (75) . For electrophoretic mobility shift assay (EMSA), radioactively labeled complementary oligonucleotides CKT057/CKT058 (75) were used for binding studies. Five nanograms of probe and 30 g of protein extracts were applied per lane. Complementation with CKT057/CKT058 in a 100-fold molar excess showed that the complexes seen indeed resulted from protein binding on the fragment. Complementation with a 100-fold molar excess of oligonucleotides CKT083/CKT084 (75), which comprise a deleted version of the binding motif CAE, was done in order to confirm that the complexes seen in our experiment were indeed specific for binding within CAE. EMSA was performed as described previously (57, 75) . Densitometric scanning of band intensity was performed using the Bio-Rad GS800 calibrated densitometer with the Bio-Rad Quantity One software package (Bio-Rad). Three different exposures were analyzed, and after background subtraction, band densities were normalized to the intensity of the uppermost band of QM9414 in darkness for comparison between examples.
RESULTS
Characterization of T. reesei acy1 and pkac1. The aim of this study was to evaluate the role of the central components of the cAMP pathway in regulation of cellulase gene expression. We therefore investigated the influence of the T. reesei homologues of adenylate cyclase and cAMP-dependent protein kinase A in this process.
The genome of T. reesei (http://genome.jgi-psf.org/Trire2 /Trire2.home.html) contains one putative adenylate cyclase gene (27) . Also, a recent study of N. crassa did not reveal any phenotype upon deletion of the pkac2 homologue (42) . We therefore focused on pkac1 in our study.
acy1 (adenylate cyclase 1) of T. reesei consists of a predicted 6,649-bp open reading frame interrupted by four introns, which encodes a protein of 2,037 amino acids. ACY1 was checked for conserved domains using the NCBI Conserved Domain Database (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (35) . The structure of fungal adenylate cyclases is conserved between species. We found the domains characteristic for fungal adenylate cyclases (5) to be similar to those of T. reesei ACY1. Furthermore, phylogenetic analysis of adenylate cyclases in various species shows that ACY1 corresponds to the fungal adenylate cyclases of class III (5) (data not shown).
ACY1 and PKAC1 are involved in regulation of vegetative growth. For detailed analysis of the roles of ACY1 and PKAC1 in regulation of cellulase gene expression, we constructed mutant strains lacking these proteins. Inoculation of the ⌬pkac1 and ⌬acy1 mutants on malt extract plates (3%, wt/vol) and incubation at 28°C in constant darkness or constant light for 4 days showed that the hyphal extension rates of these strains are strongly decreased compared to that of the parental strain QM9414, which is in accordance with data from other fungi (Fig. 1A) . Deletion of the corresponding PKAC genes in different fungi shows a typical phenotype, with dramatically decreased growth rate on solid media (6), (13) . Lack of acy1 leads to a significantly reduced growth rate, which is similar to the growth of the pkac1 mutant strain, and abolished intracellular cAMP production. Similar phenotypes were obtained for Aspergillus fumigatus (29) , Aspergillus nidulans (13), Magnaporthe grisea (11), and Trichoderma virens (39) . Microscopic inspection of growth of the ⌬pkac1 and ⌬acy1 mutants revealed very dense mycelium and loss of hyphal avoidance (19, 72) in these strains (Fig. 1A) . Supplementation with dbcAMP enhanced growth of the ⌬acy1 mutant, although not to wild-type levels (Fig. 1B) , as was also shown for A. fumigatus (29) .
Investigation of growth on the soluble carbon source lactose in liquid cultures in constant light and constant darkness for 20, 30, and 40 h revealed decreased biomass formation, predominantly at earlier time points, in the ⌬pkac1 and ⌬acy1 mutants, although the growth defects in liquid minimal medium were clearly less severe than those on solid malt extract medium. Only minor differences between growth in darkness and in light were observed (see Fig. S3 in the supplemental material) .
Deletion of pkac1 and acy1 does not perturb fruiting body formation. The recently discovered possibility of crossing in T. reesei (60) prompted us to investigate whether this tool would still be available in strains lacking ACY1 or PKAC1. Conidia of the sexually competent wild-type strain CBS999.97 (MAT1-1) (60) were inoculated with equal amounts of the respective mutant strain and with QM9414 (MAT1-2) as a control. This method eliminates the influence of growth rate on evaluation of fruiting body formation (Fig. 2) . In both the ⌬pkac1 and ⌬acy1 mutants delayed fruiting body formation was observed, with the most severe effect occurring upon lack of acy1. Confrontation assays with these strains inoculated opposite from each other confirmed this result (see Fig. S4 in the supplemental material). Fruiting bodies formed with both mutants were of a size comparable to those of the wild type.
These results are in accordance with data on N. crassa cr-1 (adenylate cyclase), deletion of which causes delayed fruiting body formation (21) . However, we did not observe a reduction in fruit- jecorina CBS999.97. Fruiting body formation upon coinoculation of H. jecorina CBS999.97 (MAT1-1) and wild-type QM9414 (MAT1-2), the ⌬pkac1 mutant (MAT1-2), or the ⌬acy1 mutant (MAT1-2) is shown. Plates were inoculated with equal amounts of spores of both mating partners in the center of the plate to prevent interference of different growth rates of wild-type and mutants Strains were grown on malt extract agar plates at 25°C in daylight. Pictures were taken at 7, 9, 14, and 19 days after inoculation.
ing body size as reported for Sordaria macrospora (22) . We conclude that the cAMP pathway provides a positive input to the regulation of sexual development but is not essential for this process in T. reesei.
Analysis of progeny from crosses revealed that the severe growth phenotype on solid media clearly segregates with resistance to hygromycin B and consequently confirms that the defects of the ⌬pkac1 and ⌬acy1 mutants are not caused by random changes elsewhere in the genome.
Light responsiveness of cellulase gene expression is dampened by PKAC1 and ACY1. Earlier studies indicated an involvement of cAMP in regulation of cellulase gene expression (53, 61) . Additionally, we had found in preliminary Northern blot experiments that cellulase gene expression on lactose is regulated differently in response to light than on cellulose (A. Schuster and M. Schmoll, unpublished data). We thus analyzed the roles of ACY1 and PKAC1 in regulating the transcript abundances of the two major cellulase genes cel7a/cbh1 and cel6a/cbh2 in light and darkness (Fig. 3A) .
As expected, cel7a/cbh1 and cel6a/cbh2 are coregulated, with cel7a/cbh1 showing higher transcript levels than cel6a/cbh2. Interestingly, in contrast to data on cellulose (51), light does not stimulate cellulase gene expression on lactose but has a negative effect, hence confirming our earlier Northern blot data. We found considerably decreased transcript levels in darkness compared to in light for both genes, reaching more than 25-fold-enhanced transcript abundance in darkness at 30 h (Fig. 3B) . This differential expression of cellulase genes between light and darkness is even more apparent in the ⌬pkac1 and ⌬acy1 mutants, with more than 1,000-fold upregulation of cel7a/cbh1 transcript abundance in the ⌬acy1 mutant in darkness compared to light (Fig. 3B) . Alterations in light-dependent gene expression on different carbon sources are not without precedent, since the influence of light on growth is also dependent on the carbon source (8, 14, 15, 55) . A recent study reported considerable differences in light-dependent gene expression even on different concentrations of the same carbon source (4). Nevertheless, deletion of pkac1 or acy1 affects only the extent of differential expression of cel7a/cbh1 and cel6a/cbh2 in light and darkness and does not abolish or reverse light-dependent regulation. Therefore, pkac1 and acy1 are not assumed to determine the relevance of the received nutrient signals in light and darkness. Instead, these genes appear to balance cross talk between nutrient and light signaling.
Transcript levels of the major cellulase genes are decreased by light on lactose. In addition to the effect of the cAMP pathway on light responsiveness of cellulase gene expression, we also investigated how PKAC1 and ACY1 would alter cellulase gene expression compared to that in the wild type. Comparison of cel7a/cbh1 transcript levels in the ⌬pkac1 and ⌬acy1 mutants with that in QM9414 showed that in light both PKAC1 and ACY1 exert a positive effect, with ACY1 being more effective (Fig. 3C) . In darkness, however, the positive effect of ACY1 is less pronounced, and PKAC1 even acts negatively on transcript levels of cel7a/cbh1. Despite the severely perturbed growth of the two mutants on solid medium, growth in liquid medium was only slightly decreased in both mutants (see Fig. S3 in the supplemental material) . Hence, a direct correlation between biomass formation and transcription of the major cellulase genes is not obvious in darkness, and the assumption that growth rate would be correlated with cellulase expression is not supported. Rather, delayed germination of the ⌬pkac1 and ⌬acy1 mutants is likely to cause their lower biomass formation.
We conclude that both PKAC1 and ACY1 are involved in adjustment of cellulase gene transcript levels to light or darkness and consequently are components of the integrated signaling cascades of light and nutrient signaling.
Complex formation within the promoter of cel6a/cbh2 is altered in light and in the ⌬pkac1 mutant. Because of the effect of PKAC1 on transcript levels of cellulase genes, we were interested in whether this effect would be mediated directly or indirectly via phosphorylation of transcription factors by EMSA. This method reveals binding of protein complexes to a given regulatory promoter motif by retardation of a radioactively labeled DNA fragment due to complex formation. In the case of an indirect effect, such as phosphorylation of upstream factors regulating the abundances of important cellulase transcription factors such as XYR1, ACE1, or ACE2, we should observe differences in complex formation of regulatory factors binding within cellulase promoters in light and darkness and/or in the ⌬pkac1 mutant. Direct effects, i.e., phosphorylation of XYR1, ACE1, or ACE2 itself, would not necessarily cause detectable alterations in complex formation of proteins within the respective promoter. Nevertheless, enhanced binding efficiency due to phosphorylation cannot be excluded.
As a probe, we used a fragment comprising the well-studied cellulase-activating element CAE of the cel6a/cbh2 promoter (CKT057) (75) , which is coregulated with cel7a/cbh1, as a test case for EMSA. Our results clearly show different complex formation within the CAE in light and darkness upon growth on lactose in the wild-type (Fig. 4) . Lack of PKAC1, however, results in weaker complex formation within the CAE, which is most obvious in light. Densitometric analysis of band intensities revealed that the binding strength of the two uppermost complexes formed in the ⌬pkac1 mutant is decreased by 50% Ϯ 11% in darkness and by 74% Ϯ 18% in light (indicated by the arrows in Fig. 4 ). We conclude that the influence of PKAC1 on transcript levels of cellulase genes is mediated via alteration of the abundance and/or binding efficiency of positive or negative regulating factors which bind within the cellulase promoters or the promoters of cellulase-regulating upstream factors.
Transcription factors of cbh1 and cbh2 are influenced by the presence of light. The striking effects of ACY1 and PKAC1 on cellulase gene transcription led to the question how this regulatory impact would be mediated. Moreover, EMSA indicated an influence on transcription factors to be responsible for regulation of cellulase genes. We therefore analyzed the transcript abundances of three of the most important transcription factor genes with respect to regulation of cellulase gene expression, ace1, ace2, and xyr1, in light and darkness. Interestingly, all three transcription factors have cAMP-dependent protein kinase phosphorylation sites and, additionally, several casein kinase II and protein kinase C phosphorylation sites (71) .
In QM9414, we detected only minor differences in transcript levels of these transcription factor genes in light and darkness (Fig.  5A, C, and E) . The mutant strains, however, did show differences in the transcript abundances of ace1, ace2, and xyr1. While PKAC1 seems to have a negative effect on transcript levels of all three transcription factor genes in darkness, ACY1 has only small effects on the transcript abundances of ace1 and ace2 but a clearly positive effect on that of xyr1 in both light and darkness (Fig. 5B, D, and F) . Since the transcript pattern of xyr1 in the ⌬pkac1 and ⌬acy1 mu-tants bears a striking similarity to that of cel7a/cbh1 in these mutants, we assume the major effect of PKAC1 and ACY1 to be exerted via regulation of the transcript abundance of xyr1 by phosphorylation of an upstream factor. Therefore, the (negative) effect of lack of pkac1 on complex formation within the cbh2-promoter also is likely to be indirect and may involve this upstream component. Nevertheless, we cannot rule out a contribution to cel7a/cbh1 regulation by ACE1 or ACE2, which may be phosphorylated directly or regulated indirectly by PKAC1.
Transcription of env1 is induced by the photoreceptor BLR1, the homologue of which was shown to be phosphorylated by protein kinase A in N. crassa (20) . The light-dependent function of ACY1 and PKAC1 together with the recently described influence of ENV1 on cAMP levels (66) led us to investigate this regulatory interrelationship in more detail. Indeed, lack of either pkac1 or acy1 causes decreased transcript levels of env1 in light (Fig. 6) . Consequently, we assume that the influence of protein kinase A on the activity of the photoreceptor complex as shown in N. crassa (20) may also be operative in T. reesei, due to the decreased transcript levels of env1. This feedback cycle may serve as fine-tuning mechanism for integration of light and nutrient signaling.
DISCUSSION
The relevance of the secondary messenger cAMP for physiology and development has been subject to extensive research with organisms of all kingdoms of life. In fungi, perturbation of the central components of cAMP signaling, adenylate cyclase or cAMPdependent protein kinase A, consistently leads to severe growth defects on solid media and defects in numerous physiological processes (6, 11, 13, 29, 39, 76) . In accordance with these findings, we also observed such defects for deletion of acy1 or pkac1 in T. reesei.
For Trichoderma spp., the function of cAMP with respect to cellulase gene expression was studied more than a decade ago (61) , although the influence of adenylate cyclase or protein kinase A remained unknown. Early studies on the cAMP pathway of Trichoderma spp. also revealed an involvement of light in regulation of cAMP levels (50) . Positive effects of light on activity have been shown for both adenylate cyclase (23) and protein kinase A (9). This increased activity of PKA occurs even in the absence of one of the photoreceptors, BLR-1 or BLR-2, in T. atroviride. In this fungus, expression of blue light-regulated genes also is influenced by alterations in activity of PKA (9) . Finally, a connection between the regulatory impact of cAMP and light was discovered by studying the adenylate cyclase-activating G-protein alpha subunit GNA3, which enhances both cAMP levels and cellulase gene expression in light (53) . We now provide insights into the mechanism of cAMP-dependent, light-modulated cellulase gene expression in T. reesei. All reports available so far on light-modulated cellulase gene expression concentrate on cellulose as a carbon source. Interestingly, we also found light-modulated cellulase gene expression on lactose, but we were surprised that the effect of light is reversed compared to that with cellulose, since on lactose darkness is beneficial for high levels of cellulase gene transcripts. A similar phenomenon was seen for induction of cellulase gene transcription by sophorose (56) . Consequently the assessment of the significance of a given nutrient signal with respect to its relevance in light and darkness can also be observed on lactose. In other words, the presence of lactose has a different significance for T. reesei in light and darkness, which is reflected in the light responsiveness of cellulase gene expression. Therefore, cellulase gene expression on this carbon source is adjusted to the light status. However, the importance of cellulase gene expression on lactose must be rated differently than that on cellulose. This may be due to the fact that cellulases are not essential for growth on lactose (59), yet they are on cellulose.
Analysis of transcript abundances of cellulase genes in the wild type and the ⌬pkac1 and ⌬acy1 mutants revealed intriguing insights into the mechanism of cellulase regulation by the cAMP pathway (Fig. 7) . Although differential gene expression in light and darkness (light responsiveness) was also observed in the wild type (roughly 20-fold), these relative differences were considerably higher in the mutant strains. In the ⌬pkac1 mutant transcript abundance is 300-fold higher in darkness than in light, and in the ⌬acy1 mutant the difference is even above 1,000-fold. Despite these huge differences in transcript abundance, no-template controls confirmed that even the very low levels of transcripts are not artifacts. Hence, the cAMP pathway obviously plays an important role in adaptation of metabolism (to which extracellular hydrolytic enzymes are of crucial importance) to the altered environmental conditions in light and darkness. Both PKAC1 and ACY1 are important for balanced cellulase gene expression in light and darkness and dampen light responsiveness (Fig. 7) .
Interestingly, comparison to wild-type levels of cellulase transcripts shows that in darkness, PKAC1 and ACY1 have contrary effects, while in light both factors act positively. The presence of ACY1 has a positive influence on transcript levels of cellulase genes under both conditions. However, the effect of PKAC1 is clearly light dependent. We assume that while ACY1 provides an output signal in terms of cAMP levels, PKAC1 does not simply transmit this signal but is a further checkpoint for integration of different signals.
In this respect it is interesting that in N. crassa, cAMP-dependent protein kinase A is a key component of the circadian clock. PKA phosphorylates FREQUENCY (20) and acts as a priming kinase for phosphorylation of the white collar complex (20) . In T. reesei, the corresponding photoreceptors BLR1 and BLR2 are involved in regulation of cellulase gene expression (10) and may consequently be part of an integrated feedback loop connecting light response and nutrient signaling, presumably exerted by heterotrimeric G-proteins (53, 58) and in part via adjustment of cAMP levels (Fig. 7) . Further support for this hypothesis comes from a recent study which clearly showed an interconnection between the light response pathway and cAMP signaling. This pathway is assumed to work via adjustment of cAMP levels by ENVOY acting on a phosphodiesterase (69) . The influence of ACY1 and PKAC1 on the transcript abundance of env1 confirms this regulatory interrelationship of ENVOY with the cAMP pathway. These results suggest a feedback circuit that is operative between the cAMP pathway and the light response pathway. This interpretation would be consistent with results on T. atroviride (9) showing that BLR1 activity is increased when PKA activity is enhanced. However, since in N. crassa PKA inhibits the light function of the WCC (20) , the regulatory network connecting PKA, the BLR complex, and ENV1 in T. reesei requires additional investigation. Decreased transcript levels of env1 should lead to increased phosphodiesterase activity (69) , causing lower levels of cAMP, which in turn should lead to decreased cellulase levels (61) . Such a negative feedback cycle would be consistent with the decreased cellulase levels observed in light in this study.
In darkness, ACY1 but not PKAC1 positively influences transcript levels of env1, and PKAC1 acts negatively on cellulase transcription, in contrast to ACY1. Two alternative explanations for this phenomenon are conceivable. First, PKA-independent functions and alternative targets of cAMP (48) may bypass PKAC1-mediated gene regulation and may also feed back on env1 transcription. However, our recent findings that ENV1 overrules G-protein alpha function in light but in darkness only the G-protein-related phenotype is observed (69) provide a more intriguing interpretation. According to this mechanism, the function of GNA1 is dominant over that of ENV1 in darkness. If the GNA1 pathway acts at least in part via direct regulation of PKAC1, as suggested earlier (13), the higher levels of cellulase transcripts upon lack of pkac1 would be consistent with results for lack of gna1. The proposed feedback of PKAC1 on env1 transcription via BLR1 is abolished in darkness, and hence no alteration in transcript levels is observed. However, in the absence of ACY1, the feedback of PKAC1 on env1 transcription due to GNA1 activation of PKAC1 is still operative, which is consistent with the negative effect of GNA1 on env1 transcription as shown earlier (69) .
XYR1 is an essential transcription factor of cellulase gene expression not only on cellulose but also on lactose (43, (62) (63) (64) . It was shown that XYR1 binds to one of its target promoters (xyn1) not only under inducing conditions but also under repressing conditions (44) . Our data raise the question of whether this is also true for different light conditions, which were not considered in previous studies. Hence, this topic warrants further investigation.
Transcript levels of xyr1 are influenced negatively by ACE2, which is assumed to require phosphorylation to contact DNA (65) . xyr1 transcript abundance is suggested also to be subject to repression by ACE1 (31) . These findings are especially interesting with respect to our result on the influence of PKAC1 on transcript levels of xyr1, ace1, and ace2 as well as those of cel7a/cbh1. On the one hand, the coregulation of xyr1 and cbh1 suggests regulation of cellulase gene expression by phosphorylation of an upstream compound influencing XYR1 abundance. Additional support for this hypothesis comes from the fact that xyr1 and cbh1 show a striking correlation in transcript patterns, not only in wild-type strains but also in mutant strains (43) . On the other hand, however, we cannot exclude that this effect is at least in part due to regulation of ace1 and/or ace2, which are upregulated in ⌬pkac1 and hence may cause the negative effect on xyr1 and consequently cel7a/cbh1 in light. In darkness, transcript levels of all three transcription factors are upregulated in the ⌬pkac1 mutant, which is not in accordance with these earlier data. We assume that the reason for this discrepancy could be the uncontrolled light conditions applied in the earlier studies. While we do not see considerable alteration in transcript abundances of xyr1, ace1, and ace2 in the wild-type in light and darkness on lactose, their impact on each other cannot automatically be inferred to be unaltered in light and darkness. Clear support for this conclusion comes from the fact that upon deletion of pkac1, transcript levels of xyr1 become light regulated, which cannot be excluded for other factors. The regulatory interactions between xyr1, ace1, and ace2 are unlikely to disappear under controlled light conditions. It thus can be expected that in accordance with the considerable differences of cellulase gene expression on lactose in light and darkness as shown in this study, xyr1, ace1, and ace2 also influence each other differently.
In summary, we could show that the crucial components of the cAMP pathway, adenylate cyclase 1 (ACY1) and cAMP-dependent protein kinase A (PKA), are involved in regulation of cellulase gene expression in T. reesei. Although earlier studies strongly suggested such a function (53, 61) , the finding that the regulatory output of PKAC1, but not ACY1, in terms of cellulase gene transcript levels as well as transcript abundance of the respective transcription factors is dependent on the light status is novel. These findings suggest that a comparable function of PKA in sta- (53, 58) . ENV1 enhances feedback regulation of gna1, acts negatively on transcription of gna3, and is assumed to dampen phosphodiesterase (PDE) function (69) . ACY1 and PKAC1 decrease light responsiveness of cellulase transcript levels. Their effect on cellulase gene expression is mediated mainly by PKAC1, which alters protein complex formation within the cbh2 promoter and likely phosphorylates an upstream factor regulating xyr1 gene expression. Comparable effects of deletion of gna1 (58) and pkac1 suggest an additional level of regulation for the function of PKAC1 by GNA1, as proposed earlier (13) . Finetuning of cross talk between light and nutrient signaling is likely to be accomplished by feedback of PKAC1 via the BLR1-BLR2 complex.
bilization of the photoreceptor complex as observed in N. crassa is likely to be present also in T. reesei. Thereby, a cycle for integration of nutrient signaling (e.g., by heterotrimeric G-proteins) and light response could be established and might be responsible for finetuning of the regulatory outputs of both pathways.
